In this work, the transient overvoltage phenomena occurred at 34.5 kV AC underground cable transmission systems during the closure of the underground cables is to be studied and simulated by using the MATLAB program. Then, the transient voltage occurred at the underground cables is analyzed by using a modified Fourier transform. The studied system of underground cables is firstly modeled in the frequency domain. Transient voltages induced at the sending-end and receiving-end terminals of an underground cable of the transmission system are calculated in the frequency domain and using inverse Fourier Transform, the sending end and receiving end voltages are obtained by converting to the time domain. The effects of Gibbs factor on transients overvoltage phenomena considering cable length and source impedance are investigated. Numerical simulations are presented to demonstrate the transient voltages induced at the terminals of sending-end and receiving-end of an underground cable at the transmission system and the effects of Gibbs factor to eliminate Gibbs oscilllations.
INTRODUCTION
Transient network analyzers used to measure and analyze the electromagnetic transients in power systems at early stages [1] . By using a digital computer, the transient analysis and the modeling of underground cables have been a considerably interesting subject in recent years. After using of the digital computer, many methods have been investigated to analyze the transient analysis of underground cables such as Fourier transform [2, 3] , z transform [4] [5] [6] , weighting method [7] , 1 Sakarya University, Electrical and Electronics Engineering, Sakarya, TURKEY. ORCID: 0000-0001-5897-6274 * Corresponding Author: selcukemiroglu@sakarya.edu.tr 2 Sakarya University, Electrical and Electronics Engineering, Sakarya, TURKEY. ORCID: 0000-0001-7319-8861 discrete wavelet transform [8] , orthogonal projection approach [9] , state variable approach [10] .
Wedepohl who has firstly studied and investigated the transient analysis of cables has used Laplace transform and Bewley -Lattice techniques for transient analysis assuming that all parameters of cable do not depend on frequency [11] . After that, Indulkar and Dang have investigated the transient analysis of a cable system which has parameters depend on frequency [12] .
In this work, the magnitude and waveform of the voltage in any point of the cable have been obtained in the time domain with inverse modified Fourier transform. The integral in inverse Fourier transform goes from minus infinity to infinity. But, the integral of the inverse Fourier transform does not go infinity and goes to the limited final value. So, Gibbs oscillations occur. In order to eliminate Gibbs oscillation, multiplier named as Gibbs factor is inserted in the calculations [13] [14] [15] . This paper is organized as follows. Section 2 briefly introduced the studied system of underground cables, and the parameter of cable is given. Mathematical formulations of the system are presented in section 3. Fourier transform and sigma factor are presented in section 4 and section 5 respectively. In section 6, simulation results are given. Conclusions are finally given in section 7.
ANALYSIS OF CABLE SYSTEM
The geometries of single cable are shown in Fig.1 . The underground cable is made of core conductor, inner semiconducting layer, pure XLPE, outer semiconducting layer, sheath, aluminum foil, inner serving and outer serving as shown in Fig 1. The radiuses of the conductor, inner sheath, outer sheath, and cable outer are shown in the crosssection of cable as shown in Fig. 2 . Also, the parameters of the underground cable and ground resistivity are given in Table 1 . The configuration of the cable system used in simulations is shown in Fig. 3 . 
MATHEMATICAL FORMULATION OF SYSTEM
The voltage at the equivalent sheath is zero because the cable sheaths at the major part terminals are solidly earthed. So, the row and column elements of the series impedance matrices of cable related to cable sheath may be eliminated. Series impedance matrices are three order square matrices. So, the nodal parameters of two-port system A and B will be a matrix of 3x3 order. As it is shown in Fig. 4 , VS and VR are sending-end and receiving-end voltage matrices of the 3x1 order. Also, the single line diagram of the studied system is shown in Fig. 5 .
The nodal equation of the cable system can be written as equation (1) [1] .
Writing the Kirchhoff's current law at the sending-end terminal, it gives [1],
Using equation 1 and equation 4, matrix yields as below [1, 17] .
As the receiving end of the cable is not loaded, IR=0. From equation (3),
Substituting VR into the matrix (Eq.3), VS and VR can be written as [2, 12] 
As a result, the terminal voltages at receiving-end and sending-end in the cable system are calculated by expressions (5) and (6), respectively [2, 12] .
FOURIER TRANSFORM
Inverse modified Fourier transform is given below [19] .
where F(ω) is a Fourier transformation and given as
So that all pole of integral expression is real and stable, assume that new angular frequency is ω ′ . Real axis slipped with ω to the negative side; yields ω ′ = ω − . So, inverse modified Fourier transform express as below [1, 20] .
The real part of integral can be written as
Writing this integral in the discrete form [15] Lanczos has proposed the method to reduce Gibbs oscillation [13] . So, Gibbs oscillation has been reduced with sigma factor as given below.
where  is cutting frequency of top limit of integral. Including sigma factor to Fourier function,
can be written. Sigma factor has a low effect on low frequency and high effect in high frequency for reducing Gibbs oscillation.
SYSTEM STUDIES AND SIMULATION RESULTS
The transient voltages induced at the underground cable system on account of simultaneous switching are investigated by using a computer in the MATLAB program [21] . Also, the simulation results are compared with and without the sigma factor. Effects of source impedance and cable length on the transient voltages are also taken into consideration.
Effect of Cable Length
Effects of cable length on the transient voltage's magnitude owing to simultaneous closure have been investigated by performing three-phase simultaneous switching to the line from the generator which has source impedance.
Sending-end and receiving-end voltage waveforms got with three different cable lengths for low and high source impedances are given in Fig. 6 and Fig. 8 . The maximum receiving-end and sending-end voltages for different cable lengths and source impedance are tabulated in Table 2 and Table 3 .
As it can be seen from Table 2 and Table 3 , the magnitude of the maximum sending-end and receiving-end voltage of the first phase reduces with the rise of cable length. 
Effect of Source Impedance
Sending-end and receiving-end voltage waveforms obtained for low and high source impedance are shown in Fig. 6 and Fig. 8 . The maximum receiving-end voltage for low and high source impedance is given in Table 4 . The waveform of sending-end and receiving-end voltages including sigma factor when source inductance LS:0.189 mH, with cable length (l) 5000 m, 30000 m, and 80000 m are shown in Fig. 6 (a,b,c) and Fig. 8 (a,b,c) respectively.
The waveform of sending-end and receiving-end voltages without sigma factor when source inductance LS:0.189 mH, with increasing cable length 5000 m, 30000 m, and 80000 m are shown in Fig. 7 (a,b,c) and Fig. 9 (a,b,c) respectively. Voltages exponentially increase with a time constant. Besides, it is directly proportional to the source inductance. Also, the frequency of oscillations that are superimposed on nominal voltage frequency reduces with the rising source impedances as shown in Table  5 and Table 6 . The voltage frequency of oscillations reduced at receiving-end decreases with the increasing the cable length. Table 5 and Table 6 shows approximately the voltage frequency of oscillations reduced at receiving-end with source impedance 0.189 mH and 9.47 mH respectively. The approximate values are used in Table 5 and Table 6 . 
